Abstract. The status of the neutrino mass-mixing parameters is discussed, with emphasis on the standard 3ν oscillation framework emerging from current phenomenology, and on indications about the mixing angle θ13. Some anomalous results, which may be interpreted in terms of additional light sterile neutrinos, are also commented. Near-term perspectives are briefly discussed.
Prologue
The TAUP Conference series spans more than two decades , during which the neutrino physics community has witnessed great discoveries and tremendous progress. Currently, as shown in Fig. 1 , more than a thousand papers per year appear in this field, with peaks of interest following important new results-the most evident being the uprising "wave" after the 1998 discovery of atmospheric neutrino oscillations. The year 2011 is also likely to provide another peak of interest, triggered by intriguing new results both on the standard three-neutrino scenario (3ν) and on its possible extensions involving light sterile neutrinos (ν s ).
In particular, not only the 3ν scenario is being precisely tested, but several indications are converging towards nonzero values for the mixing angle θ 13 , opening the door to leptonic CP violation studies (see Sec. II). At the same time, several emerging-but not yet converginganomalies might be indicative of oscillations into one or more ν s (see Sec. III). We shall give a brief overview of these two topics and related issues, as largely discussed at this Conference.
[Claims of superluminal ν speed appeared after TAUP 2011 will not be commented 
Status of 3ν mass-mixing parameters
Most of the current phenomenology of neutrino masses and mixings can be interpreted in a simple 3ν framework, where the three known states with definite flavor (ν e , ν µ , ν τ ) appear as linear combinations of three states (ν 1 , ν 2 , ν 3 ) with definite masses (m 1 , m 2 , m 3 ). The combinations are conventionally parametrized in terms of three mixing angles (θ 12 , θ 13 , θ 23 ) and of a possible CP-violating phase δ [1] . Oscillation experiments constrain such angles, as well as the mass squared differences δm 2 = m 2 2 − m 2 1 and ∆m 2 = m 2 3 − m 2 1,2 , with δm 2 |∆m 2 |. [2] , illustrates current constraints on the 3ν mass-mixing parameters from a global analysis of neutrino oscillation data. For each parameter, the y-axis represents the number of standard deviations from the best fit of the global χ 2 function, N σ = ∆χ 2 , when all the other parameters are marginalized away. The more linear and symmetric the curves, the more Gaussian the uncertainties. Note that the typical 1σ parameter accuracy (defined as 1/6 of the ±3σ range) is as low as 2.6% for δm 2 , and does not exceed ∼ 12% for sin 2 θ 23 , showing that we have entered the precision era for neutrino oscillation physics. A few comments on the various parameters follow; numerical ranges are shown in Table 1 . Table 1 . Global 3ν oscillation analysis [2] : best-fit values and nσ ranges for the mass-mixing parameters, assuming "old" reactor ν fluxes. By using "new" reactor fluxes, the corresponding best fits and ranges for sin 2 The parameter δm 2 is precisely determined through the reactor ν e oscillations cycle observed at low energy (E) in the KamLAND experiment [3] . The current accuracy (2.6%) is approaching the ultimate limit due to E-scale uncertainties (2%). An interesting by-product of low-E measurements in KamLAND [3] and Borexino [4] is the detection of geoneutrinos, which can potentially provide unique constraints on Earth models [5] . Solar ν e 's probe δm 2 with lower accuracy [4] , but can probe the interference between the vacuum oscillation frequency δm 2 /2E and the Mikheyev-Smirnov-Wolfenstein (MSW) interaction energy √ 2G F N e , where N e is the e − density in the solar matter. The MSW transition from vacuum-to matter-dominated flavor transitions has been directly observed in Borexino [6] although, in detail, the related spectral distortion still escapes detection, see e.g. the SNO spectrum [7] . In any cases, solar matter effects have allowed the determination of the (ν 1 , ν 2 ) hierarchy: the state with largest ν e component is the lightest of the two (conventionally, ν 1 ). 2 The measurement of ∆m 2 , pioneered by atmospheric neutrino experiments, is currently dominated by the long-baseline MINOS experiment [8] . The 1σ error on ∆m 2 is now as low as 1.3 × δm 2 . Therefore, setting δm 2 = 0 in fits to ∆m 2 (2ν limit) is no longer a reasonable approximation, although unfortunately it is still being used in some cases. Moreover, for δm 2 > 0, one has to declare the exact ∆m 2 convention: ours is [2] ∆m 2 = (∆m 2 31 + ∆m 2 32 )/2. Normal and inverted neutrino mass spectra correspond to +∆m 2 and −∆m 2 , respectively. These two cases are not distinguished by current fits; in other words, we do not know if the state with the smallest ν e component (ν 3 ) is the heaviest or the lightest.
Zooming in on ∆m
In order to determine sign(±∆m 2 ), one needs to observe interference effects between oscillations driven by ±∆m 2 and those driven by another quantity Q having a known sign. Barring new physics, there are only three possibilities: Q = δm 2 (requiring high-precision oscillometry in vacuum), Q = N e (possibly via matter effects in the Earth), and Q = N ν , where N ν is the neutrino density (possibly via neutrino-neutrino interactions in core-collapse supernovae). The latter possibility has received great attention recently, being associated with very interesting and highly nonlinear flavor evolution effects [9, 10] .
Zooming in on θ 23
This angle governs the amplitude of ∆m 2 -driven oscillations in the ν µ → ν τ channel, and is known to be close to maximal, sin 2 θ 23 1/2, suggesting a sort of µ − τ flavor symmetry. Deviations from this value are thus theoretically interesting as a diagnostic of neutrino massmixing models based on symmetry assumptions [11] . We find a slight preference for θ 23 below maximal value at about ∼ 1σ level (see Fig. 2 ), while other analyses are more compatible with maximal mixing within uncertainties [12, 13] . Note that current bounds on θ 23 are dominated by atmospheric neutrino data, whose fit is becoming more and more complicated as new data in finer energy-angle bins are collected by the Super-Kamiokande experiment. Improving the current accuracy of ∼ 12% on sin 2 θ 23 is a difficult but important goal of present and future long-baseline accelerator neutrino experiments [14] , whose analysis will be hopefully simpler than for atmospheric data.
2.4. Zooming in on the mixing of ν e with ν 1,2 (θ 12 ) and with ν 3 (θ 13 ) The angles θ 12 and θ 13 govern the mixing of ν e with the mass eigenstates. In this context, short and long baseline reactor ν e data play an important role. Therefore, the upward revision of the reactor flux normalization by +3.5%, as recently proposed [15, 16, 17] , has a nonnegligible impact in the ν e mixing phenomenology. Indeed, larger theoretical reactor ν e fluxes may not only allow extra electron-flavor disappearance in the standard 3ν picture, but may even suggest very-short baseline disappearance in nonstandard scenarios invoking sterile neutrinos [17, 18] . Barring for the moment the latter option, the shift from the old ("low") the new ("high") normalization for the reactor fluxes has the effect of shifting both θ 13 and θ 12 upwards, as quantified in both Fig. 2 and Table 1 . Analyses which privilege low normalizations favor low θ 13 values [13] .
We remark that, at present, the ambiguity in the reactor flux normalization represent a systematic source of uncertainty in the determination of ν e mixing parameter, and that each option (low vs high fluxes) carries its own problems: old reactor fluxes do not match β-decay data taken at ILL, while new fluxes do not match very-short-baseline reactor data [17, 18] . Hopefully, new-generation reactor neutrino experiments (Daya Bay, Double Chooz, Reno) will clarify these issues in the short term [19] .
The evidence for nonzero θ 13
Last but not least, there is now an overall evidence for θ 13 > 0 at > 3σ, irrespective of the reactor flux ambiguity, as shown in Fig. 1 and Table 1 [2] . First hints for nonzero θ 13 where discussed in [20] , where we highlighted a tension between solar and reactor data, as well as a hint from atmospheric data, providing a 90% C.L. indication for θ 13 > 0. The preferred range was found to be sin 2 θ 13 = 0.016 ± 0.010 (2008) [20] . The overall significance of these hints, discussed and debated in many papers afterwards, and has not exceeded the 2σ level in past years, see e.g. Ref. [21] , where we found sin 2 θ 13 0.02 ± 0.01 (2009). A real breakthrough has been provided in June 2011 by the T2K search for ν µ → ν e appearance, with 6 candidate electron-like events found (over 1.5 estimated background) [22, 23] . This measurement corresponds to a 2.5σ indication for nonzero θ 13 [22] , which is also consistent with a slight ν e eccess in the ν µ → ν e appearance search at the MINOS experiment [24] . Analyzing all data together, we find that the previous ≤ 2σ "hints" are now promoted to an overall > 3σ "evidence" for sin 2 θ 13 0.02, irrespective of the uncertain reactor fluxes [2] , as shown in Fig. 3 . More precisely, we find (see also In planning future neutrino beams and detectors, it is thus useful to consider the likely possibility that sin 2 θ 13 lies in the range ∼ 0.01-0.04. Needless to say, new or independent data from accelerator ν µ → ν e searches [14] and from reactor ν e → ν e searches [19] are required to definitely assess, with greater confidence, that θ 13 is indeed nonzero. Indeed, a worldwide experimental program is devoted to this purpose, and important new results are expected even in the short-term (say, in a couple of years). From a personal viewpoint, it would be very surprising if these searches would disprove the current evidence as a conspiracy of fluctuations in different categories of oscillations experiments. Conversely, confirmation of θ 13 > 0 will open the door to the search for leptonic CP-violation (δ), largely recognized as one of the most important theoretical and experimental issues in the field of neutrino physics, given its connections with lepton flavor violation in general and with fundamental problems such as the matter-antimatter asymmetry in the universe.
Nonoscillation searches
The 3ν framework is by no means restricted to oscillation experiments only: absolute neutrino mass searches via single and double beta decay [25, 26] and precision cosmology [27] already play an extremely important role, with upper limits on m i at the eV or even sub-eV level. Progress in this field is slow but steady, with several new experiment nearing completion and other projects in preparation. We may expect exciting results already in the next few years, unless the lowest-mass scenario (normal hierarchy with m 1 0) is realized in nature.
More precisely, let us remind that absolute neutrino masses can be probed via three alternative "fragments" of information. The first, classical one is provided by the spectral endpoint in β decay, sensitive to the so-called "effective electron neutrino mass" m β [25] , 
where c ij = cos θ ij and s ij = sin θ ij . The second observable is the effective "Majorana neutrino mass" m ββ in 0νββ decay [26] , 
where φ 2,3 are additional unknown parameters (Majorana phases). Note that additional new physics might also contribute to m ββ and complicate the interpretation of future 0νββ signals. The third observable is the sum of neutrino masses, which affects the formation of large-scale structures in standard cosmology [27] :
At present, apart from a single, disputed 0νββ claim, as discussed in [26] , there are only safe upper bounds on these absolute mass parameters, at the level of ∼ 2 eV for m β , and at sub-eV level for m ββ and Σ. A great experimental activity is in progress to reach mass sensitivities of O( √ ∆m 2 ), which may be achieved at least via 0νββ and cosmological probes. Our dream is to find all three of these "fragments" which -if matching with each othermight not only constrain the absolute neutrino mass scale but, in principle, test also the hierarchy and the Majorana phase(s). Figure 4 illustrates this "dream" by showing the current oscillation constraints (blue and red bands for normal and inverted mass hierarchy, respectively) in the planes charted by any couple of parameters among (m β , m ββ , Σ). Future, precise measurements of these parameters (horizontal and vertical bands) should all ideally intersect an oscillation band in a single point (empty circle), strongly constraining the 3ν absolute mass parameters.
In the most optimistic scenario, the absolute neutrino masses could be "around the corner" (say, m i ∼ 0.2 eV), and thus measurable in the next few years through the (m β , m ββ , Σ) , see also Ref. [28] . Future accurate measurements of these parameters (horizontal and vertical bands) could ideally (over)constrain 3ν mass-mixing in a concordance scenario. Time will tell if this "dream" is realized in nature.
observables. The concordance of these three observables would then provide a fundamental crosscheck of the standard 3ν framework emerging from the oscillation phenomenology. Conversely, the lack of a signal in any of the observables (m β , m ββ , Σ) in the next few years would make the prospects for the neutrino mass quest extremely challenging. Indeed, the "Moore law" in this field shows a gain of O(10) in ν mass sensitivity every ∼ 15 years, but with signs of saturation in m β and possibly m ββ . Sensitivities of O( √ δm 2 ) are being claimed only in next-generation cosmological surveys [27] .
On the other hand, it may also happen that the three fragments (m β , m ββ , Σ) do not match in the standard scenario, e.g., if strong cosmological limits on Σ are not compatible with possible signals of m ββ > 0. In this case, the situation would become even more interesting from a theoretical and phenomenological viewpoint, suggesting modifications of the standard framework either in cosmology (e.g., adopting suitable variants of the concordance cosmological model) or in neutrino physics (e.g., exploring nonstandard mechanisms for 0νββ decay-a topic witnessing renewed interest). Finally, let us mention that other interesting aspects of neutrino physics, not necessarily related to oscillations, involve the study of neutrino electromagnetic and nonstandard properties [19, 29] , and the search for astrophysical sources with dedicated ν telescopes [30] .
3. Comments on scenarios with one or more ν s As already mentioned, problems in interpreting the new, higher reactor neutrino flux normalization vis-a-vis older experiments seem to suggest possible contributions of O(eV) sterile neutrino states to ν e → ν e disappearance [17] . This "reactor neutrino anomaly" is only the last of a series of anomalies which have been tentatively explained in terms of mixing with ν s states, starting with the still disputed evidence for ν µ → ν e transitions at ∆M 2 ∼ O(1) eV 2 in the LSND experiment , which is neither convincingly confirmed nor definitely excluded by the more recent MiniBooNE experiment [31] . These anomalies are not confined to oscillation experiments, since neutrino counting via precision cosmology may also suggest an excess of about one extra state [27, 32] . Roughly speaking, these indications are suggestive of one or more (say, N ) extra sterile states with (sub)eV masses and with little admixture with active flavors, in order to minimally perturb the solid 3ν framework. However, the problem with any of these 3ν + N ν s scenarios is that, when studied in detail, the various pieces of information seem to "diverge," rather to converge towards an increasingly more constrained framework. For instance, there is a persisting tension between the bounds on active-sterile neutrino mixing as derived from oscillations in appearance and disappearance channels in the simplest 3 + 1 scenario, which are not significantly reduced by adding more sterile states. Differences between neutrino and antineutrino modes in earlier MiniBooNE data have motivated 3+2 scenarios with CP violation in the sterile sector, but more recent data from the same experiment [31] have reduced such ν/ν differences. Nonoscillation data from cosmology also show some tension between some preference for extra state(s) and the tight constraints on mass(es) at the subeV level. Therefore, although one can find 3ν + N ν s scenarios offering a rough compatibility with most data and anomalies, no framework seem to really explain all the diverse pieces of information in detail. The reader is referred to recent analyses for an overview of some reference scenarios in this field [33, 34, 35] .
This confusing and inconclusive situation calls, on the one hand, for new oscillation experiments with high sensitivity to small ν s mixing and, on the other hand, for nonoscillation searches of new neutrino states. The latter will certainly be boosted by the next Planck datarelease in 2013, which should provide accurate indications on the effective number of ν species at cosmological level (at least, within the current standard model of cosmology) [27] . New clarifying probes of ν s oscillations appear instead to be rather difficult and lengthy. Roughly speaking, the favored scenarios [33, 34, 35] suggest one or two mass states in the (sub)eV range, mixed with ν µ and ν e at the level of ∼ 2 × 10 −2 (in terms of mixing matrix elements squared). Probing such small mixings, and disentangling two (or even more) close oscillation frequencies with unambiguous tests, is going to be a rather challenging experimental task. It has been proposed to investigate different facets of this problem by using, e.g., neutrinos from reactors [17, 19] , from supernovae [9] , from the Sun [36] , from accelerators [31, 37] , from radioactive sources [38] . In this field, it is imperative to aim at reaching a > 3σ detection of putative signals, not just at placing other 2σ upper limits on the ν s parameter space. The situation will be clarified only by highly sensitive and, in a sense, "redundant" experimental data.
Epilogue
The TAUP Conference series series has witnessed tremendous progress since its first 1989 edition, culminating in the evidence for neutrino oscillations in recent years. The emerging 3ν massmixing framework explain a vast phenomenology and appears to be rather solid. The increasing convergence of different datasets towards θ 13 > 0, if definitively confirmed by reactor and accelerator experiments, would set the stage for future leptonic CP violation searches. However, several other unknowns remain, including the θ 23 octant, the mass spectrum hierarchy, the absolute mass scale, and the Majorana vs Dirac nature of neutrinos. Moreover, some anomalous results may be suggestive of mixing with light sterile neutrinos, which are currently at the focus of several investigations. A worldwide research program is trying to nail down the unknowns of the 3ν scenario, and to explore possible indications beyond it, in terms of either nonstandard states or new interactions, via a variety of searches involving both artificial and natural neutrino sources. The TAUP Conference series will certainly continue to be a privileged forum to discuss future developments and possible surprises in this rapidly evolving field, and to envisage further connections with other fields in particle physics, astrophysics and cosmology. 
